Abstract: Fluoride-catalyzed reactions of trimethyl(trifluoromethyl)silane with a range of aromatic poly(ether ketone)s, both amorphous and semi-crystalline, proceed quantitatively in THF to yield soluble, amorphous polymers in which the carbon-silicon bond of CF3SiMe3 has added across the carbonyl-oxygen double bond of each carbonyl group. When the starting poly(ether ketone) is amorphous and soluble in THF the reaction is fairly rapid (hours), but is much slower (days) when the starting polymer is semi-crystalline, with only low solubility in THF. Quantitative desilylation of the resulting polymers is achieved by reaction with excess fluoride ion, affording poly(arylene-trifluoromethylcarbinol)s. These extremely polar polymers are readily soluble in protic solvents such as methanol or ethanol, to give solutions from which tough, coherent films may be cast by evaporation in air. Despite the evidently high polarity of the bulk polymers, the surfaces of cast films are relatively hydrophobic, with static water contact angles of ~ 90°. Surface analyses by XPS are consistent with enrichment of the polymer-air interface in CF3 groups.
Introduction
Semicrystalline aromatic poly(ether ketone)s represent an industrially-important class of highperformance thermoplastics with outstanding physico-chemical properties. 1 For example, PEEK (Chart 1) is widely used in situations that require mechanical strength at very high temperatures, 2 or in chemically aggressive environments, 3 or in applications such as medical implants and prostheses which exploit its inert character and biocompatibility. 4 It also finds increasing application as a thermoplastic matrix in high-performance carbon fibre composites. Several post-synthesis derivatization reactions of semi-crystalline poly(ether ketone)s have been described, though the insolubility of the latter in conventional solvents precludes the application of many types of chemistry. 6 Nevertheless, PEEK may be sulfonated selectively at the hydroquinone residue simply by dissolving it in concentrated sulfuric acid. 7 The resulting 3 polysulfonate ionomer (depending on the degree of sulfonation) may then be soluble in polar aprotic solvents such as N,N-dimethylformamide or N,N-dimethylacetamide. 7 However, this type of chemistry is far from general in that many important poly(ether ketone)s such as PEK, PEKEKK and PEKK (Chart 1), in which every ring carries at least one deactivating carbonyl group, dissolve in but are essentially inert to concentrated (96-98%) sulfuric acid. 8 Nitration of PEEK (again occurring at the hydroquinone residue) has been achieved both homogeneously in strong acid solution, 9 and also in suspension in so-called mixed acid (4:1 v/v nitric:sulfuric). 10 Other derivatization chemistries involve reactions at the carbonyl groups, for example reduction by triethylsilane and strong acid to yield poly(ether methylene)s, 11 reduction with sodium borohydride to give poly(carbinol)s, 12 iminization with high-boiling primary amines, 13 and perhaps most successfully the reversible formation of poly(dithioketal)s by reaction with aliphatic dithiols in the presence of a Lewis acid.
14,15
The insolubility of semi-crystalline poly(ether ketone)s in conventional organic solvents has also allowed the development of a wide range of surface-derivatized materials. Such reactions include reduction with borohydride to yield surface-hydroxylated PEEK, 16 which may be further functionalised by ATRP to graft hydrophilic poly(ethyleneglycol) methacrylate chains onto the surface. 17 Most recently it has been reported that PEEK may be surface-fluorinated by a proceess involving argon plasma treatment followed by contact with aqueous HF. 18 The resulting polymer showed enhanced antibacterial properties and improved compatibility with stem cells, but the nature of the surface chemistry involved in this type of fluorination was not established.
Here we report the exploration of a novel, fully-defined approach to the introduction of fluorinated groups into aromatic poly(ether ketone)s by a process involving the quantitative addition of trifluoromethyl(trimethyl)silane 19 to the carbonyl groups. 20 This nucleophilic trifluoromethylation reaction (Scheme 1) is well-established in small-molecule chemistry, 21 but
has not been applied previously to the functionalization of macromolecules.
Scheme 1.
Conversion of an aromatic ketone to a trifluoromethylcarbinol via the trimethylsilylether derivative, by fluoride-catalyzed addition of CF3SiMe3 to the carbonyl group. 20, 21 It is well-established that fluorocarbon moieties in polymeric systems tend to segregate at the polymer-air interface, giving rise to low-energy, hydrophobic surfaces. 22 Such systems include poly(perfluoroalkyl methacrylate) homopolymers and copolymers, 23, 24 di-and tri-block copolymers containing one highly fluorinated block, 25, 26 anionically-polymerised polyalkenes such as polystyrene or polybutadiene terminated with a single, short (e.g. -C8F17) perfluoroalkyl chain, 27, 28 and fluorocarbon-grafted polymers such as those formed by difluorocarbene addition to the double bonds of poly(isoprene). 29, 30 The vast majority of these previously-reported systems combine fluorocarbon residues with subunits that are themselves relatively hydrophobic (typically having hydrocarbon, ester or ether functionality). In contrast, the new materials reported here introduce both a strongly hydrophilic hydroxyl group and a strongly hydrophobic trifluoromethyl group at the same backbone carbon atom(s) in every polymer repeat unit, leading to polymers with some unusual physico-chemical characteristics.
Results and discussion
Our initial attempts to apply nucleophilic trifluoromethylation chemistry to highly crystalline and insoluble poly(ether ketone)s such as PEEK and PEK (Chart 1) in suspension in THF failed to afford any reaction, even with very finely-divided polymer powders (<50 m). We next investigated a series of THF-soluble or -swellable, poly(ether ketone)s (1-4, Chart 2) that were synthesised at high molecular weight from monomers 5-9 using conventional polyetherification chemistry. 31 These polymers were designed to provide widely different ketone contents and thus, potentially, to afford fluorinated polyols with a range of equivalent weights in terms of trifluoromethylcarbinol units. Polymers 1 and 2 are known to be amorphous, 32 and although polymer 4 is semi-crystalline, it has a relatively low melting point (310 °C) 33 and was thus predicted to be more soluble and reactive than PEEK or PEK. Neither monomer 8 nor polymer 3
(which also proved to be amorphous) have been reported previously, but the discovery in this work of a novel "extended Fries" rearrangement (Scheme 2) allowed monomer 8 to be obtained in good yield and purity. Polymers 1-4 were synthesised by polycondensation at high temperature in either NMP or diphenylsulfone as solvent, as described in the Supporting Information (SI) where full characterisation data are also given.
Polyketones 1 and 2 were fully soluble in THF and reacted cleanly with trifluoromethyl(trimethyl)silane) in the presence of catalytic amounts of tetra-n-butylammonium fluoride to afford, after 18 h, the trifluoromethylated polymers 10 and 11 in 82% and 70% yields respectively (Chart 3). Polymers 3 and 4 did not dissolve in THF, though the amorphous, dibenzofuran-based polymer 3 swelled significantly in this solvent. Nevertheless, it was found that 3 and 4 could be succesfully trifluoromethylated over a much longer period (120 h) by repeated addition of CF3Si(CH3)3 and Bu4NF at 24 h intervals, ultimately giving polymers 12
and 13 in 80% and 75% yields respectively (Chart 3).
Chart 2. Poly(arylene ether ketone)s 1-4, synthesised in the present work using monomers 5-9.
All four trimethylsilyl polymers, 10-13, proved readily soluble in THF, and subsequent GPC analyses in this solvent showed number average molecular weights Mn in the range 15 -59 kDa, with dispersities between 1.9 and 2.9. Full characterization details are given in the SI. Desilylation of polymers 10-13 was achieved by reaction with a large molar excess of tetra-nbutylammonium fluoride hydrate in THF, and the resulting trifluoromethyl polyols 14-17 were purified by reprecipitation in water from acetone solution and isolated in 50 -75% yields. The 1 H NMR spectrum of polymer 15 is shown in Figure 3 , which again shows diastereomeric effects 9 in the splitting of the resonance due to the proton (g) located between the two trifluoromethylated carbons. The remarkably high resolution of this spectrum (for a high molecular weight polymer) enables all seven different proton environments in the polymer to be assigned as shown (see also SI). This spectrum also demonstrates the effectiveness of the chemistry in providing a clean, 2-step, conversion of the starting polyketone 2 to the fully trifluoromethylated polyol 15. Fluoride-promoted desilylation of polymers 10-13 does not lead to degradation of the polymer backbone, as can be seen from the GPC data in is given in Figure 4 , from which it is clear that there are no obvious features such as a bimodal distribution or a distorting shoulder that might account for the anomalously high molecular weight values. The origin of this result is at present unknown, though it may be significant that polyols 15 and 17 are both derived from polyketones based on the isophthaloyl unit. Preliminary computational modelling studies suggest that the MW anomalies could result from inter-chain association involving specific hydrogen bonds between 1,3-related trifluoromethylcarbinol groups, and more extensive investigations of this phenomenon are currently in progress. Table 1 .
The high polarity of the polyols (14-17) obtained in this work was demonstrated by their ready solubility in polar, protic solvents such as methanol, ethanol, 2-methoxyethanol and propan-2-ol, from which tough, coherent films (see SI) may be obtained on evaporation. However, the surfaces of such films are notably non-polar, with static water contact angles of ca. 90° -comparable with literature values of 86° for polystyrene, 34 and 82° for PEEK. 35 Indeed, the contact angle for polyol 15 is essentially identical to that of its precursor polyketone 2 (see SI).
This result demonstrates that the hydrophilic hydroxyl groups must be largely excluded from the polymer-air interface, 36 leaving a higher proportion of the hydrophobic trifluoromethyl groups at the polymer surface than in the bulk. Indeed, preliminary XPS data for films of polyols 15 and 16 (spin-cast from 2-methoxyethanol), averaged over take-off angles of 25-60°, show significant surface-atom enrichment in the carbons associated with CF3 groups (C*-CF3 and C-C*F3), and a 13 corresponding depletion in aromatic carbon atoms. Table 2 gives XPS data for polymers 15 and 16, and the corresponding spectra are given as Supporting Information. 
Experimental Section

Materials and Instrumentation.
Starting materials and solvents were purchased from Sigma-Aldrich or Fluorochem and were used as received, with the exception of anhydrous potassium carbonate which was heated at 100
°C under vacuum for 24 h before use, and tetrahydrofuran (THF), which was distilled under argon from sodium and benzophenone. Proton and 13 C NMR spectra were recorded on either a
Bruker Nanobay 400 or a Bruker DPX 400 spectrometer, operating at 400 MHz for 1 H NMR and 100 MHz for 13 C NMR, respectively. Proton chemical shifts (δ) are reported in ppm relative to tetramethylsilane (δ 0.00 ppm) for CDCl3 or to the residual solvent peak for acetone-d6 (δ 2.05 ppm) and DMSO-d6 (δ 2.50 ppm). 13 The reaction mixture was stirred at 0 °C for 3 h and was then allowed to warm to 20 °C. After stirring for 18 h at 20 °C, the volatiles were removed in vacuo and the polymer was dissolved in the minimum amount of dichloromethane and precipitated in methanol (200 mL). After filtering off and drying at 100 °C in vacuo for 2 h, the polymer was re-precipitated twice in methanol mmol) under nitrogen. After 24 h the volatiles were removed in vacuo and the polymer was dissolved in the minimum amount of acetone and precipitated in water (300 mL) and was filtered off and dried under vacuum at 100 °C. It was then was dissolved in the minimum amount of acetone and re-precipitated in water (300 mL). After drying at 100 °C in vacuo over 2 hours, the polymer was re-precipitated twice in water (300 mL), from solution in the minimum amount of acetone. After drying at 100 °C in vacuo, the poly(trifluoromethyl)carbinol 15 was obtained as a pale brown solid (1.01 g, 79% yield). Tg (mid-point) = 143 °C. Mn = 420 kDa; Mw = 1,640 kDa; Ð = 3.90. 
Conclusions
Fluoride-catalyzed reactions of trimethyl(trifluoromethyl)silane with aromatic poly(ether ketone)s afford soluble, amorphous polymers in which the carbon-silicon bond of CF3SiMe3 has added across the carbonyl-oxygen double bond of each carbonyl group. Subsequent desilylation with excess fluoride ion yields poly(arylene-trifluoromethylcarbinol)s that are readily soluble in high-polarity solvents such as methanol, ethanol, and 2-methoxyethanol, to give solutions from which tough, coherent films may be cast by evaporation in air. Despite the evident polarity of the bulk polymers, the surfaces of these cast films are relatively non-polar, with water contact angles comparable to that of polystyrene.
Supporting Information
Methods and materials, full synthetic details, and characterisation data (PDF) for monomers 8 and 9 and polymers 1-4, 10-13 and 14-17. The Supporting Information is available free of charge on the ACS Publications website.
